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hoped that a structure would strongly favor one of theA Branch Point in Chorismate
two remaining mechanisms.Synthase Research In the meantime, glyphosate (marketed as the weed
killer Roundup) had become an enormously successful
broad-spectrum herbicide. Its mode of action is the inhi-
bition of EPSP-synthase, the enzyme immediately up-
stream of chorismate synthase in the shikimate path-
In this issue of Structure, the first crystal structure of way. Knowledge that this pathway was a validated target
a chorismate synthase is reported (Maclean and Ali, and that chorismate synthesis involved a novel reaction
2003). This has been eagerly awaited not only by those stimulated the development of inhibitors specific for
interested in the mechanism of the unique transforma- chorismate synthase. These have generally been more
tion that it catalyzes but also by the pharmaceutical useful for elucidating the catalytic mechanism of the
and agrochemical industries interested in developing enzyme (see above) than as antimicrobials. For example,
inhibitors with antibiotic and herbicidal activities. a fluorinated substrate analog has antimicrobial activity,
but resistance develops by simply shutting down the
transporter that brings the compound into the bacterialChorismate is a compound that was first described in
cell (Ewart et al., 1995). Nevertheless, the fact that the1962 (Gibson and Gibson, 1962), although its structure
shikimate pathway exists in bacteria, apicomplexan par-was not elucidated until later (as reviewed by Macheroux
asites, plants, and fungi but not in mammals will con-et al., 1999). It soon became clear that this key intermedi-
tinue to make it an attractive target for new antibioticsate in the biosynthesis of many aromatic compounds,
and herbicides. The development of a new generation ofincluding the aromatic amino acids phenylalanine, tyro-
chorismate synthase inhibitors will clearly benefit fromsine, and tryptophan, was a branch point of the shiki-
knowledge of the structure and the conformational flexi-mate pathway. For this reason, it was named chorismate
bility of the active site of the enzyme.by Frank and Margaret Gibson after the Greek word
The paper in this issue of Structure describing the	
o´ meaning separation, split, or divorce. The en-
crystal structure of Streptococcus pneumoniae choris-zyme responsible for its synthesis was first described
mate synthase by Maclean and Ali (2003) has providedin 1967 (Morell et al., 1967). Intriguingly, it was found to
the breakthrough. It is a pleasant surprise that the struc-require reduced flavin for activity, despite there being
ture represents a new fold. The monomer adopts a novelno net redox change when the substrate, 5-enolpy-
-- architecture with a core consisting of four longruvylshikimate-3-phosphate (EPSP), is converted to
 helices sandwiched between two antiparallel, four-chorismate. The unusual stereochemistry of this trans
stranded  sheets denoted sheet 1 and sheet 2. This1,4-elimination of phosphate and a proton implied a
core can be divided into two closely superposable 4-2
nonconcerted reaction and was all the more interesting
halves that are related by pseudo 2-fold symmetry. The
because it involved the cleavage of a nonactivated C-H
lack of sequence conservation between the two halves
bond. does not rule out the possibility that a gene duplication
Since the early work, there have been several mecha- event is responsible for this topology. Consistent with
nistic studies by a number of different laboratories on previous studies (Macheroux et al., 1998), the enzyme
this enzyme (as reviewed by Bornemann, 2002). Strong forms a tetramer with approximate 222 symmetry. The
evidence has been obtained from kinetic isotope experi- subunits are arranged as a pair of dimers. The dimer
ments that the phosphate group is eliminated before interface is extensive and includes antiparallel interac-
C-H bond cleavage. This ruled out a number of possible tions between the ends of the sheet 2 from each subunit
mechanisms but left two that were consistent with the to give an extended eight-stranded  sheet spanning
data: a cationic mechanism proposed by Bartlett et al. both subunits. The tetramer interface is dominated by
(1989) and a radical mechanism proposed by Bornemann a  sandwich formed by sheet 1 of each pair of adjacent
et al. (1995). The radical mechanism is consistent with (1) subunits.
the drastic lowering of the reduction potential of the A structure of the catalytically active ternary complex
flavin cofactor when it is bound to the enzyme together between the enzyme, substrate, and reduced flavin
with the substrate, and (2) the elimination of phosphate would be difficult to obtain because it would turn over
from a fluorinated substrate analog coupled to a single to give the product, for which the enzyme has a much
electron transfer from the reduced flavin (Osborne et poorer affinity than the substrate. Maclean and Ali have
al., 2000). avoided this problem by crystallizing a noncatalytic ter-
Until now, the highest-resolution structural informa- nary complex with oxidized rather than reduced flavin.
tion on chorismate synthase was a molecular envelope The interpretation of the structure has been greatly
calculated from small angle scattering X-ray diffraction aided by the observation of both open and closed sub-
data (Macheroux et al., 1998). Key questions that could unit conformations within the tetramer. The active site
only be answered by an atomic resolution structure in- is delineated largely by one end of the central helical
cluded how the reduction potential of the flavin is low- layer and one face of sheet 2. A number of loop regions
ered and how the stereo and regiospecificity of the C-H complete the substrate binding pocket, two of which
are provided by the adjacent subunit across the dimerbond cleavage could be controlled. In addition, it was
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interface. In the ternary complex, FMN is almost com- lowering of the flavin’s reduction potential by the pro-
tein. This reductive free radical mechanism for C-H bondpletely buried, with part of its accessible surface area
being occluded by the substrate, EPSP. Thus, the struc- cleavage contrasts with the oxidative mechanisms in-
volving hydrogen atom abstraction by enzymes such asture indicates an ordered binding of FMN followed by
EPSP, which is consistent with previous rapid kinetic cytochrome P450 and methane monooxygenase.
It is perhaps ironic that the structure has quashed onestudies (Macheroux et al., 1998). Curiously, the isoallox-
azine ring of the FMN does not stack against aromatic of the pieces of biochemical evidence that originally
gave rise to the proposal for the radical mechanism.protein groups, as is usually observed in FMN binding
pockets, but rather against a patch of small, hydropho- A lack of activity with the flavin analog 5-deazaflavin
(Lauhon and Bartlett, 1994; Osborne et al., 2000) is nor-bic residues.
The structure provides important new information mally indicative of a radical mechanism. However, a lack
of activity would now be expected with 5-deazaflavin inabout the catalytic mechanism. Most critical are the
relative orientations of the flavin cofactor, the substrate, both the radical and cationic mechanisms because the
replacement of the nitrogen at the 5-position by carbonand the neighboring side chains of acidic and basic
amino acids. His110 is well placed to protonate the N1 would prevent both hydrogen atom and proton transfer
from the 6proR position of EPSP.position of the initially monoanionic-reduced flavin be-
fore moving away as the substrate binds. Let us first Let us now consider the cationic mechanism in the
light of the structure. The phosphate group would beconsider the radical mechanism. Importantly, proton-
ation at N1 is known to correlate with the lowering of eliminated to give a cationic substrate intermediate that
could be stabilized somewhat by the proximity of theflavin reduction potential, thereby facilitating a single
electron transfer to the double bond of the substrate. electron-rich flavin. The N5 position of the reduced flavin
would then be the acceptor of a proton, rather than aThis would result in cleavage of phosphate from the
substrate, which would be facilitated by adjacent His hydrogen atom, from the 6proR position of the sub-
strate. A potential problem with this step is that the pKaand Arg side chains that could protonate it as it leaves.
The next step requires hydrogen atom transfer from the of reduced flavin in the ternary complex is 6.7, making
deprotonation of the N5 position by Asp339 less likely6proR position of the substrate to the N5 position of the
cofactor. In order to achieve this, the N5 position must than in the radical mechanism. However, some lowering
of this pKa is possible during catalysis, given the proxim-first be deprotonated. This would be facile because the
pKa of a cationic flavin semiquinone species (2.3 in free ity of the electron-deficient cationic substrate intermedi-
ate to the flavin. One can conclude that while the struc-solution) would be low and Asp339 is ideally placed to
accept the proton from N5 via a water molecule. Cru- ture favors the radical mechanism, it does not rule out
the cationic mechanism.cially, the movement of His110 away from the N5 posi-
tion when the substrate binds precludes deprotonation Major new opportunities in structure-based drug de-
sign will arise from knowledge of this structure. It isfrom N1, which, if it occurred, would prevent completion
of the catalytic cycle. probably no coincidence that Maclean and Ali have ob-
tained a structure of the enzyme from a pathogen. AsIt is now clear that the environment of the isoalloxazine
ring of the flavin in the ternary complex is very hydropho- a starting point, a number of inhibitors of the enzyme are
known and more are likely to be found using traditional,bic except for the stacking of the carboxylate group of
the substrate against it. This environment contributes combinatorial, and virtual screening methods. The next
steps will be to modify these compounds rationally toto the remarkable lowering of the flavin’s reduction po-
tential to a value comparable to that of the most reducing optimize their inhibition of the enzyme. These inhibitors
could, for example, compete with the substrate andflavodoxins (as low as 520 mV). The substrate is opti-
mally oriented relative to the N5 position of the isoalloxa- cofactor in binding to the enzyme, lock the enzyme in
unproductive conformations, or undergo suicide radicalzine ring for electron transfer and hydrogen atom ab-
straction to and from the substrate, respectively. This chemistry. We have reached a crucial point in our under-
standing of the structure and mechanism of chorismatewould help explain both the regio/stereochemistry of
the reaction and the lack of accumulation of flavin radical synthase, which will no doubt allow exciting new lines
of research to “branch out.”intermediates on the stopped-flow millisecond time
scale. There are many examples in flavin biochemistry
of hydride transfers as well as one and two electron Stephen Bornemann, David M. Lawson,
transfers, but hydrogen atom transfer would be unusual. and Roger N.F. Thorneley
It is therefore of great interest that the structure shows
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than just an electron with the proton being accepted by
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an amino acid side chain, for example. Thus, the flavin
could be uniquely able to donate an electron and subse- Selected Reading
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through a single leucine side chain in a deep pocketSwivels and Stators in the
between the sheets. Such minimal side chain contactHsp40-Hsp70 Chaperone Machine supports the generic mode of client protein binding that
has been observed for Hsp40s.
The challenge now is to determine how Hsp40 and
Hsp70 domains assemble into a working machine. Sha
The basis for promiscuous binding by Hsp40-class and coworkers previously solved the structure of a dimer
molecular chaperones has been revealed by the X-ray of  sandwich domains from the yeast Hsp40 Sis1 (Sha
structure of a peptide bound to the client protein bind- et al., 2000). Biochemical and ultrastructural studies
ing domain of the yeast Hsp40 Ydj1. A model for the suggest that the peptide binding domain of the yeast
Hsp40 dimer in a bivalent association with the client Hsp70 Ssa1 snuggles into a large cleft between the
protein and Hsp70 raises the question of whether the monomers, and the association is stabilized by a flexibly
Hsp40-Hsp70 chaperone machine should be regarded tethered 15-residue “anchor motif” at the C terminus of
as a molecular motor. Ssa1 (Qian et al., 2002). The Ydj1 fragment in the new
structure is a monomer because the authors introduced
a mutation that disrupts the dimer, but a model of theSnapshots of dynamic features in the Hsp40-Hsp70
Ydj1 dimer based on Sis1 shows the Zn2 binding do-chaperone machine suggest how ATP hydrolysis could
mains protruding into the cleft (Figure 1). Nevertheless,generate forces that modify client protein structures and
the large molecular dimensions of the cleft and the un-interactions. In this issue of Structure, Sha and cowork-
certainties of its size and shape in solution leave plentyers (2003) provide the first glimpse of a client polypep-
of room to accommodate the Ssa1. The speculativetide bound to a fragment of Ydj1, a member of the
model originally proposed for Sis1 showed an extendedHsp40-class of molecular chaperones.
segment of client polypeptide bound to both Ydj1 mono-Hsp40s are a subset of the J-domain-containing pro-
mers, spanning across the cleft, and clasped in the mid-teins that collaborate with Hsp70s in the management
dle by Ssa1 (Figure 1, Step 1). If we accept this premise,of protein folding, assembly, membrane translocation,
then how do the J-domains and Ssa1 ATPase set theand degradation (Kelley, 1998). Whereas the Hsp70
machine in motion?binding J-domain is the defining characteristic, the non-
The peptide binding sites of Ydj1 may act like a work-J-domains determine which cellular process will be en-
bench while its J-domains couple ATP hydrolysis togaged. The domain structure of J-domain-containing
force generation by Ssa1. The J-domain couples ATPproteins varies enormously. The J-domain is located
hydrolysis to polypeptide capture by Hsp70s (Wittung-at the amino terminus of Hsp40s, between membrane
Stafshede et al., 2003), and the capture step is charac-spans in Sec63 (involved in protein translocation into
terized by a significant conformational change in thethe endoplasmic reticulum), and at the carboxy terminus
Hsp70 (Wilbanks et al., 1995), most likely involving thein auxilin (involved in clathrin uncoating).
reorientation of its ATPase and peptide binding domainsThe new structure from Ydj1 contains the three most
(Figure 1, Step 2). Flexible glycine-rich swivels betweentypical non-J-domains found in Hsp40s, the distinctive
the J-domain and the rest of Ydj1 and between Ssa1 andZn2 binding domain and two  sandwich domains.
its anchor motif probably allow a dynamic associationStructures of each have been previously published, but
between Ydj1 and the reorienting Ssa1. The capturenow we see them together forming an L-shape, with the
step is likely to wrench the client polypeptide free of atZn2 binding domain at the base and the  sandwiches
least one of its Ydj1 binding sites. When a new moleculein the upright of the L (Figure 1). The central  sandwich
of ATP binds to Ssa1, the client polypeptide can reasso-domain interacts with a synthetic peptide that was iden-
ciate with Ydj1, potentially using different binding sitestified by bacteriophage “panning.” The peptide adopts
from the ones used in the previous complex (Figure 1,an extended conformation so that it can form a new 
compare Steps 1 and 3). An external force acting onstrand alongside one of the sheets in the sandwich, and
it makes its most intimate sequence-specific contact the polypeptide, such as protein folding or membrane
